The late E2A promoter of adenovirus type 2 (Ad2) DNA can be inactivated by in vitro methylation of three 5'-CCGG-3' sequences at positions +23, +5, and -215 83:1598-1602, 1986). In the present study, in vitro-methylated or unmethylated promoter-gene assemblies were permanently fixed by integration in the hamster genome. In individually established cell lines, the degree of promoter methylation was correlated to gene activity. The pAd2E2AL-CAT construct, in which the late E2A promoter controls expression of the procaryotic chloramphenicol acetyltransferase (cat) gene, was fixed in BHK21 hamster cells by cotransfection with and selection for the pSV2-neo construct (P. J. Southern and P. Berg, J. Mol. Appl. Genet. 1: [327][328][329][330][331][332][333][334][335][336][337][338][339][340][341] 1982) in which the early simian virus 40 promoter controls the gene for neomycin phosphotransferase. The pAd2E2AL-CAT construct was transfected in the unmethylated or in the 5'-CCGG-3' methylated form. The pSV2-neo plasmid was cotransfected in the unmethylated form. The stability of in vitro-imposed methylation patterns and cat gene expression were followed and correlated in a number of established cell lines which contained the constructs integrated in a non-rearranged configuration. The foreign DNA did not persist in the episomal state but was integrated, frequently in multiple tandems of the plasmid DNA. Among 19 cell lines established after transfecting the unmethylated pAd2E2AL-CAT construct, the late E2A promoter remained unmethylated (examined in 10 cell lines), and the cat gene was expressed in 18 cell lines. On the other hand, among 14 cell lines which were generated by transfection with the methylated construct, 7 cell lines did not express the cat gene, and the three 5'-CCGG-3' sequences in the late E2A promoter remained almost completely methylated. In five cell lines, the E2A promoter sequences were partly demethylated and the cat gene was expressed at low levels. Last, in two cell lines, demethylations were found to be extensive and strong cat expression was observed. It remained a question of considerable interest what factors determined the stability of methylation patterns that had been preimposed by in vitro methylation on specific sequences in a promoter, after this promoter was fixed by integration in the mammalian genome. Were position or other effects important factors in determining the stability or instability of methylation patterns?
The causative role of sequence-specific promoter methylations in eucaryotic gene inactivation has been amply documented. With a number of viral and nonviral eucaryotic promoters, site-specific in vitro methylations have been shown to lead to promoter inactivations (4, 7, 11-13, 16, 17, 22, 31, 33, 34) . In previous work on this topic, we have used the ElA promoter of adenovirus type 12 (Adl2) DNA or the late E2A promoter of adenovirus type 2 (Ad2) DNA as model systems. The unmethylated, the 5'-CCGG-3', or the 5'-GCGC-3' methylated viral promoter was linked to an indicator gene, either the Ad2 E2A gene or the procaryotic gene for chloramphenicol acetyltransferase (cat) . The promoter-reporter gene constructs were subsequently microinjected into Xenopus laevis oocytes or transfected into mammalian cells, and transient gene expression was assessed. Sequence-specific promoter methylations inactivated the viral promoters (13, 16, 17, 33, 34) . It was also shown that in insect baculovirus-infected lepidopteran insect cells the late plO gene promoter of the Autographa californica nuclear polyhedrosis virus genome was inacti-* Corresponding author. vated by 5'-CCGG-3' methylation, even though this lepidopteran cell DNA did not contain 5-methyl dC (12) . All previous results were based on transient gene expression tests with nonintegrated DNA. It was, therefore, mandatory to corroborate and expand these earlier data by studies on unmethylated or 5'-CCGG-3' methylated viral promoters linked to reporter genes, in which these constructs were fixed in the genome of mammalian cells by integration. It was conceivable that the regulation of a promoter-gene assembly might be different depending on whether it persisted in a chromosomally integrated or free episomal state when it was expressed transiently.
There are several reports which have described the permanent fixation of in vitro-methylated eucaryotic genes in eucaryotic cells and which have determined the inheritance of methylation patterns (4, 10, 22, 23, 30, 31, (37) (38) (39) . In some of the systems investigated, the transfected and genomically fixed genes have revealed specific demethylation patterns depending on the receptor cell and the function of the transfected gene (39 In the present study, the late E2A promoter of Ad2 DNA was linked to the procaryotic gene for chloramphenicol acetyltransferase (cat) (17) in the pSV0-CAT construct (8) . This construct was termed pAd2E2AL-CAT. The unmethylated or the 5'-CCGG-3' methylated construct was cotransfected with the pSV2-neo construct (29) into BHK21 hamster cells. In the pSV2-neo construct, the neomycin phosphotransferase gene was under the control of the early simian virus 40 (SV40) promoter. Among the neomycinresistant (Neo9 colonies, those colonies were selected and further analyzed which contained the late E2A promoter-cat gene transcription unit integrated intact and not rearranged, as determined by conventional restriction and Southern (28) blot hybridization analyses. In 18 of 19 cell lines which were generated by transfecting the unmethylated late E2A promoter-cat gene construct, the late E2A promoter remained unmethylated and was active. Cell lines which arose after transfection with the methylated construct showed a more complex behavior. When the late E2A promoter stayed methylated, it was inactive. In several cell lines, the late E2A promoter had been strongly or partly demethylated and consequently exhibited high or low levels of activity, respectively. These data were consonant with the notion that, even after fixation in the mammalian genome, the unmethylated late E2A promoter was active and the 5'-CCGG-3' methylated promoter was inactive but was reactivated by partial or extensive demethylations. Demethylation events rendered patterns of methylation and gene expression complex in several cell lines. It was unknown what factors contributed to specific demethylation events.
MATERIALS AND METHODS Cells. BHK21 hamster cells were grown in Dulbecco modified Eagle medium with 10% fetal bovine serum. BHK21 cells which were transformed by cotransfection as described below were grown in Dulbecco modified Eagle medium with 10% fetal bovine serum in the presence of the aminoglycoside G418 (geneticin; GIBCO Laboratories, Grand Island, N.Y.), an analog of neomycin (800 ,ug/ml).
Cloned DNA fragments. The construction of the pAd2E2AL-CAT plasmid was described elsewhere (17) ; the derivation of the pSV2-neo construct was also published earlier (29) . Plasmid preparations were amplified and purified by standard procedures (5), using Escherichia coli HB101/A. For some of the experiments, the HindIII-EcoRI late E2A promoter fragment or the HindIII-Sau3A cat gene fragment from plasmid pAd2E2AL-CAT was recloned into the M13mp8 vector (gift of Ursula Lichtenberg), which was propagated on an appropriate E. coli strain (21) . In this way, pBR322 DNA sequences were eliminated. For blot hybridizations, the E2A promoter or the cat gene fragment was excised from the M13 vector.
In vitro methylation of pAd2E2AL-CAT construct. All 5'-CCGG-3' sequences in the plasmid were in vitro methylated by the procaryotic HpaII DNA methyltransferase according to conditions detailed earlier (13, 33 The methods of transfection and selection were essentially those described elsewhere (29) . Per milliliter of medium, 800 ,ug of G418 was used for selection. About 50% of the preparation purchased was active G418. The pAd2E2AL-CAT construct was transfected in either the unmethylated or the 5'-CCGG-3' methylated form; the pSV2-neo DNA was always unmethylated.
Equilibrium sedimentation in CsCl-ethidium bromide density gradients. DNA from transfected BHK21 cells in 10 mM Tris hydrochloride (pH 7.5)-i mM EDTA-100 ,ug of ethidium bromide per ml and a mean initial CsCl density of 1.555 g/cm3 was centrifuged to equilibrium in the VTi65 rotor of a Beckman ultracentrifuge at 20°C and 40,000 rpm for 12 h. After equilibrium was reached, 5-drop fractions were collected and analyzed for the presence of pAd2E2AL-CAT DNA in the heavy-density (supercoiled circular DNA) or light-density (linear and nicked circular DNA) strata. Dotblot hybridization (20) was used to localize specific DNA sequences.
Standard techniques of molecular biology. These methods were applied as described elsewhere: Southern blotting (28), DNA-DNA hybridizations (36) , nick translation of DNA (25) , random-primed DNA synthesis (oligolabeling) (6), CAT assays (8) , transfection of DNA (9), analyses of DNA fragments by electrophoresis on composite agarose-polyacrylamide gels (24) , isolation of RNA (27) , S1 nuclease cleavage and resolution of the protected DNA fragment by electrophoresis on denaturing polyacrylamide gels (3, 18, 19) .
RESULTS
Plan of experiment. It was the goal of this research to study the persistence of methylation patterns and the levels of expression of the pAd2E2AL-CAT construct after transfection into hamster cells and after fixation of that construct by integration into the host genome. The pAd2E2AL-CAT construct was transfected in the unmethylated or in the 5'-CCGG-3' methylated form. This experimental approach was designed to extend previous work with the same construct as methylated or unmethylated DNA in transient expression experiments (16, 17) . The results deduced from these experiments had led to the conclusion that the late E2A promoter of Ad2 DNA was inactivated by the specific methylation at three 5'-CCGG-3' sequences. What had been missing in previously published work from our and other laboratories was a comparative correlation between promoter methylation and gene activities for a certain promotergene assembly in transient expression experiments and after the permanent fixation of the same assembly in the cellular genome. Most importantly, these comparisons had to be established in a sufficiently large number of wellcharacterized cell clones to become relevant for the overall problem of promoter regulation by sequence-specific DNA methylation. The (26) . The late promoter fragment in the construct pAd2E2AL-CAT corresponds to the HindIII-KpnI fragment of Ad2 DNA as described elsewhere (17) . The symbols and abbreviations used are described in the text. In the late E2A promoter sequence, the authentic cap sites are designated -s. The 5'-CCGG-3' sites are marked I in those instances in which all copies remained unmethylated or completely methylated. For partly demethylated copies, the interpretation is necessarily open to qualifications.
BHK21 hamster cells were cotransfected with the pAd2E2AL-CAT and pSV2-neo constructs (Fig. 1) . The pAd2E2AL-CAT construct was either unmethylated or 5'-CCGG-3' methylated. Colonies were selected and individually cultured that were resistant to the neomycin analog G418 and supposedly contained the integrated and constitutively-expressed neomycin phosphotransferase gene encoded in pSV2-neo DNA. The thus selected colonies were analyzed for the presence of the intact pAd2E2AL-CAT construct, and only those colonies in which the late E2A promoter-cat gene transcription unit persisted in a nonrearranged form were considered further. Moreover, the stability of the in vitro-imposed methylation patterns in the three 5'-CCGG-3' late E2A promoter sequences was examined by cleavage of the DNA from permanently transformed cells with HpaII or MspI (35) and by Southern blot hybridization with the isolated promoter fragment as a probe. At the same time, levels of cat expression were determined by conventional methods (8) in extracts of cell lines that had been transformed with the methylated or the unmethylated construct. The intensity of cat expression was quantitated and correlated to the levels of methylation at the three 5'-CCGG-3' late E2A promoter sites. Cell lines that had been derived from transfection with unmethylated pAd2E2AL-CAT DNA were examined in the same way.
Frequency of transformation and integration of pAd2E2AL-CAT and pSV2-neo DNAs. Expression of the cat gene. Cotransfection experiments with pSV2-neo DNA and pAd2E 2AL-CAT DNA in the methylated or unmethylated form were done with supercoiled circular or linearized DNA (Table 1) . The results of a quantitative analysis revealed that the efficiency of transformation to G418 resistance was about twice as high when supercoiled circular DNA was used as (25), (i) the 736-base-pair (bp) HindIII-EcoRI late E2A promoter fragment, which had been recloned in M13mp8 DNA to eliminate pBR322 sequences and which was excised from the M13 vector, and (ii) the 783-bp Sau3A-HindIII cat fragment which was recloned in and excised from the M13mp8 vector. The scheme in Fig. 1 demonstrates that the pSV2-neo DNA (Fig. la) has sequences in common with both the 2,861-bp and the 2,133-bp EcoRI fragments of the pAd2E2AL-CAT construct (Fig. lb) , the isolated late E2A promoter fragment has sequences in common with the 2,861-bp EcoRI fragment, and the isolated cat fragment has sequences in common with both EcoRI fragments of the pAd2E2AL-CAT construct. The following analyses were performed. (i) The DNA from each cell line was cut with EcoRI, and the DNA on Southern blots was hybridized with the pAd2E2AL-CAT plasmid or with the late E2A promoter (HindIII-to-EcoRI) fragment or with the cat gene (HindIII-Sau3A) fragment (see Fig. 1, 2, and 3 ). Similar hybridization analyses were performed after cutting the DNA with ApaI, HindIII, or MspI.
(ii) In several passages after establishing these cell lines, activity levels of chloramphenicol acetyltransferase were quantitatively measured as an indicator of the strength of the late E2A promoter in individual cell lines. (iii) In selected cell lines, the extent of 5'-CCGG-3' methylation at three sequences in the late E2A promoter was determined, that is, at nucleotides +23, +5, and -215 relative to the authentic cap site of this promoter (see Fig. 5 and 6) .
In a series of schematic presentations, the results of some of these studies were summarized. The schemes in Fig. 2a and b show data on the analyses of cell lines established after transfecting unmethylated DNA. The schemes in Figs. 3a and b show data on cell lines which arose after transfecting 5'-CCGG-3' methylated DNA. The presentation of data was analogous in all four schemes. Details will be described for Fig. 2a in an exemplary way.
The DNAs from cell lines as indicated (uc, transfection with unmethylated circular DNA; ul, transfection with unmethylated linearized DNA; mc, transfection with 5'-CCGG-3' methylated circular DNA) were cleaved with EcoRI and analyzed by Southern blot hybridization. Complex fragmentation patterns were revealed when the pAd2E2AL-CAT plasmid was used as a hybridization probe. Frequently, multiple copies of the pAd2E2AL-CAT construct were integrated, probably at multiple sites, as indicated by the number of different off-size bands which represented junctions of foreign DNA with cellular DNA (Fig. 2  and 3 ). By comparison with the sizes of the authentic pAd2E2AL-CAT fragments generated by EcoRI (2,861 and 2,133 bp), it was apparent that many integrated copies of this construct could be excised intact, apparently'from a multiple concatenated form. In this way, conservation of the authentic fragment sizes of the pAd2E2AL-CAT construct was readily apparent in the DNA of some of the cell lines, i.e., uc-2, uc-4, uc-6, uc-9, uc-15, uc-17, uc-18, uc-19, uc-20, and uc-21. In cell lines uc-7, uc-8, and uc-10, the EcoRI fragments of the construct DNA had been rearranged. However, restriction analyses with ApaI, HindIII, and MspI (data not shown) revealed that cell line uc-7 contained the intact E2AL-CAT transcription unit. The EcoRI fragments were altered in size, because in uc-7 the integration of the plasmid DNA into cellular DNA occurred via the pBR322 or SV40 sequences within the pAd2E2AL-CAT construct, leaving the E2AL-CAT transcription unit intact (Fig. 1) . The presence of an intact late E2A promoter fragment or of an intact cat structural gene fragment was demonstrated by multiple restriction analyses and hybridizations to specific DNA fragments ( Fig. 2 and 3) . One of the specific hybridization probes was the HindIII-EcoRI fragment from the late E2A promoter (nucleotides 26,369 to 25,633, as described in the Ad2 DNA sequence in reference 26) (Fig. 1) . E2a+ ( Fig. 2  and 3 ) indicates that this late E2A promoter fragment was preserved intact. Similarly, a specific cat DNA probe (nucleotides 198 to 981 in the sequence published in reference 1) was used to demonstrate that the reporter gene was integrated intact. This finding is indicated by CAT+ (Fig. 2 and  3) . E2A-or CAT-designates the absence of these sequences; the symbol (+) refers to partly intact promoter or gene sequences. In the schemes shown ( Fig. 2 and 3) , a mixture of the EcoRI, NaeI, NcoI, PstI, and PvuII fragments of pSV2-neo DNA was used as the molecular weight markers, and the fragment sizes are designated in kilobase pairs.
Extracts of all studied cell lines were prepared at passages 2 to 31 after the establishment of these cell lines, and the extracts were assayed for CAT activities by standard methods (8, 13) . The data were quantitated by measuring the percent conversion of "4C-labeled chloramphenicol to acetylated forms of chloramphenicol. The percentage figures on cat expression (Fig. 2 and 3 Among the 25 cell lines generated by transfecting unmethylated pAd2E2AL-CAT DNA in the circular (Fig. 2a) or in the linearized (Fig. 2b) (Fig. 2b) .
In a similar way, integration patterns and levels of expression of the pAd2E2AL-CAT construct were studied in BHK21 cells transformed with the 5'-CCGG-3' methylated construct. Of the 30 cell lines analyzed in detail, 14 lines contained the construct (at least a major part of the integrated molecule) in the same arrangement as in plasmid DNA: cell lines mc-3, mc-7, mc-14, mc-19, mc-20, mc-22, mc-23, mc-24, mc-30, mc-32, mc-35, mc-37, mc-40, and mc-41 ( Fig. 3a and b) . Among these 14 transformed cell lines, two showed high levels of cat expression (mc-24 and mc-40) and five showed low levels of CAT activity (mc-14, mc-19, mc-20, mc-22, and mc-30). In the extracts of the seven other cell lines (mc-3, mc-7, mc-23, mc-32, mc-35, mc-37, and mc-41), CAT activity was at background levels, i.e., at s0.12% conversion of chloramphenicol to acetylated forms ( Fig. 3a and b) .
Transfected plasmids do not persist in free episomal form. From the DNA of most of the cell lines generated, the pAd2E2AL-CAT plasmid DNA could be excised as the intact molecule with EcoRI ( Fig. 1, 2, and 3 ). This finding indicated that the plasmid was either integrated in multiple, tandemly arranged concatemers or persisted as the free episomal form. The latter alternative could be ruled out by centrifuging to equilibrium the total intranuclear DNA from transformed cells in CsCl-ethidium bromide density gradients. Gradients were collected in 5-drop fractions, and the density strata of supercoiled circular DNA and of linear and relaxed circular DNA were analyzed by dot-blot hybridization for the presence of pAd2E2AL-CAT or pSV2-neo DNA sequences. In the two cell lines investigated, all the foreign DNA sequences were found in the density stratum of linear chromosomal DNA (Fig. 4) . Thus, there was no evidence that the transfected DNA persisted in the free episomal state. These results were controlled by analyzing in a similar way the DNA from untransfected BHK21 cells. No homologies to the pAd2E2AL-CAT or pSV2-neo DNA were found. When a mixture of BHK21 DNA (25 ,ug) and both plasmid DNAs (1 pug of each) was centrifuged to equilibrium, the plasmid DNAs were found in the density strata of both supercoiled circular and linear as well as relaxed circular DNAs (Fig. 4) .
In another type of control experiment, the DNAs from several of the cell lines established by transfecting unmethylated pAd2E2AL-CAT DNA and pSV2-neo DNA were resolved by electrophoresis on 0.5% agarose gels. Southern blot hybridization experiments revealed that the transfected DNA in the established cell lines migrated with the bulk of the nuclear DNA (data not shown). These results were interpreted to demonstrate that the pAd2E2AL-CAT DNA had been integrated into chromosomal DNA. It could not be ruled out that the transfected DNA persisted in a very high molecular weight episomal element that consisted of both hamster and foreign DNA and had physical properties very similar to those of chromosomal DNA.
Stability or changes of methylation patterns in the late E2A promoter after its fixation in the genome of BHK21 cells. The DNAs from 10 cell lines transformed with the unmethylated plasmid and from 14 cell lines transformed with the methylated construct DNA were examined for changes in the patterns of methylation at three sequences in the late E2A promoter, i.e., at nucleotides +23, +5, and -215 relative to the cap site. The DNA was cut with HpaII or MspI. In some experiments, the DNA was precleaved with Hindlll. The fragments were separated by electrophoresis on composite gels (10% polyacrylamide, 0.5% agarose) and blotted to nitrocellulose filters, and the E2A-specific fragments were visualized by hybridization to the 32P-labeled late E2A promoter DNA fragment. As (Fig. 5) . These fragments were also generated by HpaII or MspI cleavage of the DNAs from cell lines uc-2, uc-4, uc-15, uc-17, ul-8, ul-12, and ul-22 (data not shown). These results demonstrated that upon transfection and fixation of the unmethylated pAd2E2AL-CAT construct into BHK21 cells, the late E2A promoter remained unmethylated in the 10 cell lines investigated. It was reasonable to assume that the unmethylated promoter also remained unmethylated in the other cell lines generated by transfecting the unmodified constructs. This unmethylated state of the E2A promoter correlated with the expression of the cat gene in these 10 cell lines, although expression varied to some extent ( Fig. 2a and b) . In some of the transformed cell lines, the late E2A promoter-cat gene segment was rearranged in a complex way such that a more detailed analysis was not worth performing. There were several transformed cell lines that did not express the E2AL-CAT construct. In all but one of these lines (uc-7), the E2AL-CAT transcription unit was rearranged.
The 14 cell lines that carried the 5'-CCGG-3' methylated E2AL-CAT transcription unit intact in the hamster cell genome were also studied to determine the stability of the in vitro-imposed methylation pattern in the late E2A promoter. The HpaII and MspI cleavage patterns in the integrated late E2A promoter were determined, after precutting with HindIl, for cell lines mc-3, mc-7, mc-14, mc-19, mc-20, mc-22, mc-23, mc-24, mc-30, mc-32, mc-35, mc-37, mc-40, and mc-41. It was apparent that some of these patterns were quite complex ( Fig. 6a and b) . Judging from the occurrence of the diagnostic 440-, 422-, 288-, 220-, and 202-bp HpaII fragments, the previously methylated 5'-CCGG-3' sites in the late E2A promoter of Ad2 DNA had been at least partly FIG. 4. Dot-blot hybridization of DNA from the CsCl-ethidium bromide density strata of supercoiled circular and linear DNAs. As described in the text, the supercoiled circular and the linear-nicked DNA fractions were separated by equilibrium sedimentation in CsCl-ethidium bromide density gradients. After centrifugation, 5-drop fractions were collected, and 100 ,ul of each fraction (fractions 1, 6, 7, 12, etc., as indicated) was spotted on nitrocellulose filters by using a Schleicher & Schuell SRC96 manifold vacuum filter device. The filters were subsequently washed twice in 0.9 M NaCl-0.09 M sodium citrate (6x SSC) and baked at 80°C for 2 h. The DNA was then hybridized to pAd2E2AL-CAT DNA which had been 32 p labeled by nick translation (25) . Hybridization conditions were those described by Wahl et al. (36) , except that the hybridization temperature was 52°C and the 0.1x SSC-0.1% sodium dodecyl sulfate wash was performed at 70°C to ascertain low-background hybridization. Fraction numbers increased with decreasing buoyant densities. The cutoff fraction for supercoiled circular DNA was fraction 12. The derivation of the DNA from cell lines, control, or reconstitution experiment is shown on top of each panel. Fragments were separated by electrophoresis on a 10% polyacrylamide-0.5% agarose gel, transferred to nitrocellulose filters (24) , and hybridized to the 32P-labeled 736-bp HindIII-EcoRI fragment of the late E2A promoter (panel b). (b) Map of the pAd2E2AL-CAT construct designates the important restriction endonuclease sites and fragment sizes generated after HpaII or MspI cleavage. Cleavage with the isoschizomeric restriction endonuclease pair HpaII and MspI enables one to distinguish between a methylated and an unmethylated 5'-CCGG-3' site (35) . The arrows indicate the E2A cap sites (2); S designates 5'-CCGG-3' sequences. The late E2A promoter fragment highlighted was used as a 32P-labeled hybridization probe. The Hindlll sequence designated by an asterisk corresponded to the KpnI sequence in the Ad2 map at bp 25,881 (26) and was generated by cleavage of Ad2 DNA with KpnI followed by removal of the protruding 3' end and HindIll linker ligation as described elsewhere (17). demethylated. The inverse correlation between complete methylation and inactivity of this promoter was striking, but not perfect. Of course, the problem existed that multiple copies of the promoter-cat gene construct had been fixed in most cell lines, partly at different sites, partly in multiple concatemeric forms. Thus, perfect concordance between methylation and absence of expression might not be expected, since it was impossible to correlate precisely the level of DNA methylation in an individual copy of the promoter-gene assembly to gene activity. This inherent limitation did not apply when all copies of the pAd2E2AL-CAT construct remained totally unmethylated or methylated. in the late E2A promoter remained strongly methylated ( Fig.  3 and 6 ). In contrast, these sites were significantly demethylated in cell line mc-24. This cell line expressed the cat gene ( Fig. 3 and 6 ). Total cytoplasmic RNA was extracted from cell lines uc-18, uc-20, mc-23, and mc-24 by standard procedures (27) . RNAs were hybridized to the PvuII-HindIII fragment of the late E2A promoter of Ad2 DNA, and this fragment was 5' 32p labeled at the HindIII site (asterisk in the scheme in Fig. 7 ). Hybrids were challenged by S1 nuclease cleavage, and resistant fragments were resolved on a 7% polyacrylamide gel containing 7 M urea (19) . The data demonstrated that in cell lines uc-18, uc-20, and mc-24 the authentic late E2A initiation sites were used for cat gene transcription (Fig. 7) . This result was corroborated by comparison with the lengths of the protected late E2A promoter fragments which were generated when cytoplasmic RNA from Ad2-infected KB cells was used for S1 protection. In contrast, no signal was Analyses of RNAs initiated in the late E2A promoter in transformed cel lines. It was necessary to demonstrate that the transcription of the cat gene was initiated at the authentic cap sites (2) in the late E2A promoter of the integrated pAd2E2AL-CAT constructs. A number of cell lines were selected for exemplary analyses. Cell lines uc-18 and uc-20 were generated by transfection with unmethylated DNA, and these cell lines expressed the cat gene (Fig. 2) . , ; -----------; observed with RNA from cell line mc-23 in which the cat gene was silenced (Fig. 7) .
We concluded that the results of transcriptional analyses by the Si protection method for RNAs from cell lines uc-18, uc-20, mc-23, and mc-24 were completely consistent with the measurements of cat expression levels. Cell lines uc-18, uc-20, and mc-24 produced E2A-cat-specific mRNA, and cell line mc-23 did not.
DISCUSSION
In BHK21 hamster cells, the unmethylated or the in vitro 5'-CCGG-3'-methylated construct pAd2E2AL-CAT (17) was permanently fixed by cotransfection with the pSV2-neo plasmid (29) and by selection for G418 resistance. For a detailed correlative analysis of the persistence of methylation patterns and the expression of the cat gene, we chose cell lines that contained the pAd2E2AL-CAT construct in a non-rearranged conformation. Most of the cell lines studied carried multiple copies of the construct, often in tandem arrangements. Among the 19 cell lines which were generated by transfecting the unmethylated E2A promoter-cat gene construct and which carried this construct in a nonrearranged form, 18 cell lines expressed the reporter cat gene, and the three 5'-CCGG-3' sequences in the late E2A promoter were not detectably methylated as determined in 10 cell lines. At the same time, 14 cell lines were analyzed which were established after transfection of the 5'-CCGG-3' methylated pAd2E2AL-CAT construct and contained this construct in a non-rearranged form. In these cell lines, the patterns of methylation proved complex. In seven cell lines, the three methylated 5'-CCGG-3' promoter sites remained almost completely methylated. There were one or a few copies of the construct DNA in which some of the sequences had been demethylated. Nevertheless, cat expression in extracts of these seven cell lines was at background levels. In another five cell lines of this series, demethylation at the in vitro-methylated 5'-CCGG-3' sequences was more extensive, although the bulk of the sites were still completely methylated. In extracts of these cell lines, cat expression was detectable, but still at a very low level. Last, in two of the cell lines produced by transfection of methylated DNA, demethylation was extensive at all three promoter sequences, and the extracts of these cell lines exhibited high levels of CAT activity. Thus, in general terms, there existed a striking inverse correlation between the extent of methylation at the three sites in the late E2A promoter and levels of expression of the reporter gene. However, the detailed analysis of methylation patterns and levels of expression revealed a more complicated situation.
Stability of methylation patterns that were imposed by the in vitro methylation of the pAd2E2AL-CAT construct after its fixation in the cellular genome. It was apparent that in at least 10 independently established cell lines investigated in this respect, the late E2A promoter in the genomically fixed pAd2E2AL-CAT construct remained unmethylated at the three 5'-CCGG-3' sites. The stability of the unmethylated state could be demonstrated for at least 10 passages. It was essentially unknown what factors determined the modes of methylation of specific genes in growing cells and the stability of these modes. Activity levels of cellular DNA methyltransferases could be only one of several controlling parameters that deserve consideration. Artificially fixed foreign genes in the genome of mammalian cells might be subject to additional controls with respect to the de novo establishment of distinct patterns of methylation. We showed previously that for shifts in patterns of methylation in genomically fixed foreign (adenoviral) DNA to occur, multiple passages of cells in culture were required (14, 15, 32) . The provocative question, in what way the de novo establishment of methylation patterns might be dependent on the sites of foreign DNA integration, has frequently been asked, but so far remains unanswered.
When the foreign DNA was fixed in the 5'-CCGG-3' methylated configuration, the stability of a previously imposed methylation pattern in artificially fixed foreign DNA could be followed. Again, the possibility had to be envisaged that this stability depended, probably in a complex fashion, on the region of the cellular genome that served as acceptor for the foreign DNA. In previous work in different systems, it appeared that a preimposed pattern of methylation was rather stably inherited, although occasionally partial demethylations were observed (23, 38) . This notion was in part confirmed by our results. In fact, the preimposed patterns of methylation appeared stable over many generations in some cell lines (e.g., mc-3, mc-7, mc-23), although perhaps not in all the foreign DNA copies integrated, whereas in other cell lines (e.g., mc-24, mc-40) considerable demethylation occurred. The mechanism of this demethylation might be difficult to investigate. The distinct differences with respect to the stability of methylation patterns in foreign, in vitro methylated DNA in different cell lines strengthened the notion that preservation of a certain pattern might be dependent on the sites of foreign DNA integration in the recipient genome and on the state of methylation at these cellular sites. This possibility can be tested, although the analyses will be complex.
Inverse correlations between the extent of late E2A promoter methylations and levels of reporter (cat) gene expression. The interdependence between methylation at a specific promoter site and expression levels of the gene controlled by this promoter is complex and cannot satisfactorily be described by simple inverse correlations. On the other hand, the overall notion that a specifically methylated promoter was inactivated (13, 16, 17) seemed to be borne out by the results reported here. The unmethylated promoter activated the reporter gene. Of course, structural intactness of the promoter-reporter gene assembly constituted one of the preconditions for a functionally meaningful analysis. At the same time, this investigation and its interpretation were complicated by the partial demethylations of promoter sequences in some of the cell lines. The results were still in keeping with the overall interpretation, at least in those cell lines in which promoter sites remained methylated and in which the indicator gene was not expressed. Extensive demethylations led to gene activation in cell lines mc-24 and mc-40, and this result also confirmed previously reached conclusions. However, the finding of partial demethylations and low levels of gene activity were more difficult to interpret at a quantitative level, since it was obviously impossible to prove that the demethylated copies of foreign DNA were actually responsible for genetic reactivation.
Appraisal of experimental approach. We undertook this project because in previously published work the inhibitory effect of sequence-specific promoter methylations had not yet been demonstrated for one and the same promoter-gene assembly both in the plasmid form in transient expression assays and after the fixation of this assembly in the mammalian cell genome by integration. Moreover, the stability of an in vitro-imposed methylation pattern at a very limited number of CpG sequences had not yet been assessed in a sufficiently large number of clonal cell lines and simulta-
